We review some recent results of tomographic imaging that are relevant for deep subduction and the structure of the lowermost mantle. Tomography reveals long, narrow structures of higher than average seismic wavespeed in the lower mantle that are continuous to seismogenic slabs in the upper mantle and whose geographical distribution correlates very well with locations at the surface of plate convergent zones in the past 120 Ma. Near 2000 km depth these long linear features disintegrate into smaller segments. However, in several regions narrow downwellings seem to continue to the base of the mantle where they spread out to form long wavelength structure, thus supporting speculations of a relationship between deep subduction and structural complexity in the lowermost mantle. Upwellings seem to be less ubiquitous than downwellings but are not yet well imaged by the P-wave data used. These observations confirm many previous results based on residual sphere analysis and are consistent with whole mantle convection with significant internal heating owing to radioactive decay. Despite whole mantle overturn, it appears that convective flow is significantly distorted in the upper mantle transition zone and also in a transitional interval between approximately 1800 and 2300 km depth. The deep change in planform of 1Now
INTRODUCTION
Numerous analyses of seismic body waves, both compressional and shear waves, have indicated a significantly enhanced level of structural heterogeneity in the lowermost several hundreds of kilometers of the Earth's lower mantle. Indeed, it has been argued that the amplitude and the scale of the lateral variations in seismic wavespeeds in the core mantle boundary region are comparable to those observed in the lithospheric part of the convection is not necessarily due to changes in state, but joint inversion of Pand S-wave data begin to indicate that it coincides with a change in the ratio between bulk sound and shear wavespeed. This behavior of the elastic moduli, which is reported elsewhere, suggests widespread chemical heterogeneity near base of Earth's mantle. The lowermost 800 km or so of the mantle thus contains important clues for understanding the composition and evolution of Earth. Unfortunately, it is poorly sampled by direct P-waves, but data coverage can be improved by using core phases. Our preliminary study shows that the current P model explains much of the PKP differential travel time residuals that have been used to study heterogeneity just above the core mantle boundary, but that it underestimates their amplitude. Joint inversion of the differential times along with our direct P data is expected to reduce this apparent bias in heterogeneity level in our current wavespeed model and it fully exploits the advantages of differential residuals without having to make assumptions about the location of the anomalies. The postulated relationship between deep subduction and aspherical structure in the lowermost mantle is supported by the strong correlation between the locations of subduction in the geologic past (in particular in the Mesozoic) and the distribution of high wavespeed anomalies in the lower mantle according to tomographic images of long wavelength structure [Richards and Engebretson, 1992 ]. The tomographic model used for that study [$u and Dziewonski, 1992] represents the effects of dynamic processes averaged over long periods of time and does not reveal the trajectories of mantle flow in sufficient detail to demonstrate that slabs are indeed connected to the CMB region. However, the main conclusions drawn from long wavelength imaging are substantiated by evidence from recent tomographic imaging, which strongly supports con-vection models in which lowermost mantle structure is causally related to the deep subduction of former oceanic lithosphere.
The tomographic model from which examples are drawn here [Van der Hilst et al., 1997; Widiyantoro, 1997 ] is based on data associated with first arriving body waves. The major disadvantage of such tomography with respect to studies of the lowermost mantle is the uneven data coverage; there are large regions where sampling is inadequate, especially in the southern hemisphere. In future studies we aim to improve this situation by incorporating phases other than P; for example the core phase PKP and the core diffracted (Pdig) and reflected phases (PcP). Despite the extensive processing by Engdahl et al. [1998] we expect that bulletin data are too noisy for this purpose. Instead, we aim to use high-quality data determined by waveform cross correlation techniques, which can be supplemented by our routinely processed phase data after additional quality control and under application of a proper weighting scheme.
The construction of differential travel time residuals, for instance PcP-P or PKPDF-PKPAB, helps to extract struc-tural signal pertinent to aspherical wavespeed variations in the lowermost mantle. Indeed, it is often assumed that differential PKP residuals are only sensitive to structure just above the CMB. We show that heterogeneity maps based on differential data determined from waveform analysis of the different PKP arrivals are consistent with our current P-wave model. A joint inversion of the different classes of phase data does not rely on an explicit isolation of structural signal and is expected to produce better constraints on lower mantle heterogeneity than either data set alone. In turn, the improved model will enable the calculation of more accurate mantle corrections which may help extract the subtle signal pertinent to CMB topography, heterogeneity, if any, of the outer core, and isotropic and anisotropic structure of the inner core. [1996] in their regional study of Indonesia. The S-wave study [Grand, 1994] These examples suggest that some downwellings can reach the CMB, but this may not be the fate of all slabs. Indeed, in P97 the heterogeneity pattern of the mid mantle does not seem to connect in a simple way to the large scale anomalies above the CMB. This is illustrated in Plate 2, which depicts the lateral variation in P-wavespeed according to P97 at 1300, 2100, and 2700 km depth, respectively. The long, linear structures that characterize the mid-mantle seem to disintegrate across a depth interval of roughly 1800-2300 km, in which the pattern of heterogeneity seems to be dominated by a distribution of-in map view-more equidimensional structures. This change in the planform of mantle structure roughly coincides with a change in heterogeneity wavespeeds from Earth's surface to a depth of about 2500 km. This structure is not well resolved, but the observations could not all be attributed to smearing in radial direction since in our imaging we do not use Pwaves with such small ray parameters that they would travel sub-vertically from a 2500 km depth to Earth's surface. Interestingly, the low wavespeed feature does not seem to connect to the pronounced slow anomaly above the CMB, which is located vertically below the Ontong Java plateau, i.e. much further to the west. We remark, however, that within the current model unAt this stage of model development we chose not to discuss the images of the structure above the CMB in detail or compare them with independent wavespeed variations from independent studies. We realize that the current model is severely influenced by uneven sampling, as is evident from the large gray patches in Plate 2c, and that construction of better P-wave models is possible. In fact, we are in the process of adding complementary data in order to reduce the sampling problem and thus improve the lower mantle part of our The sampling of structure in the lowermost mantle by compressional waves can be improved significantly by the addition of travel time data from phases such as the core reflections (PcP) or arrivals at distances in and beyond the P-wave shadow zone, such as core diffractions (Pdiff) and refractions (PKP). For these phases the bulletin data are rather noisy, despite the careful processing by Engdahl et al. [1998] . Therefore, for the extraction of structural signal pertinent to the lowermost mantle from these phases we will initially rely on waveform data. Here we present results of a reconnaissance study that should lead to the incorporation of PKP data in our global tomography.
EVIDENCE
Ray paths of the phase PKP^B bottom in the shallow regions of the outer core and are almost core grazing (Figure 4) . As a result, PKP^B paths are signif- ........................................... . •. + ......................... Second, the maps displayed in Figures 5b and 5c and the correlation coefficients computed for different depth intervals suggest that structure in a significant fraction of the lower mantle can contribute to the signal contained in the differential travel time residuals. Apparently, some structure, for instance deep slabs, can be sampled differentially by the PKP branches owing to the slight difference in take off angle between the PKPAB path and either the PKPBc or the PKPDF path. Even though we have overestimated its effect by using ray theory, which ignores the effective width of rays, differential sampling may violate the assumptions underlying conventional interpretations of differential residuals. However, it is not a problem in tomographic inversions since the residuals are back projected along all path segments involved [Van der Hilst and Engdahl, 1991]. We therefore expect that the inclusion of PKP data (and other core data) will improve the constraints on aspherical structure in the entire lower mantle, although most improvements are expected in the lowermost 800 kin.
SUMMARY AND CONCLUSIONS
There is increasing consensus from seismological and geodynamical studies that slabs of subducted lithosphere sink deep into Earth's lower mantle and that present-day mantle convection is predominated by some form of whole mantle flow. The pattern of heterogeneity in the upper mantle is determined by ocean-continent differences and by narrow slabs of subducted lithosphere delineated by seismicity. In the mid-mantle, long linear features are detected to at least 1800 km depth and are continuous to seismogenic slabs in the upper mantle beneath major convergence zones. The linear structures may disintegrate at even larger depth but there is evidence that some slabs sink to the base of the mantle and connect to structural heterogeneity atop the CMB, providing strong support for a relationship between aspherical structure at the base of the mantle and material recycled from Earth's surface.
We may have overlooked slow anomalies as a result of uneven data coverage and a combination of diffraction and wavefront healing, but the current images seem to indicate that the aspherical structure in the Earth's lower mantle is predominated by downwellings. This asymmetry in the planform of mantle flow is consistent with thermal con-vection that is driven primarily by internal heating (decay of radio-isotopes) and conductive cooling through the top thermal boundary layer, with basal heating due to cooling of the core amounting to less than 20% of the total energy required for convec- of the differential times significantly without degrading the fit to the P data (as was to be expected from the complementary nature of sampling). The wavespeed variations above the CMB are consistent with independent models. However, in accord with the observations made above we detect sharp lateral gradients in some parts of the core mantle boundary region. The change in planform of heterogeneity from the mid mantle to the CMB region is even more pronounced than inferred from the model used here, and we now begin to resolve the deep slow anomaly beneath Africa and also the connection between the slow anomalies above the CMB and the low wavespeed conduit that continues to shallow depths beneath the southern Pacific. Van 
